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Studies on the ocrystallography of ths deformstion prooess in
body~centered cubic motals have been renewed recently with investigations
on the deformation of molybdenum single orystah(l) and of alpha iron
single cryntals(z’ 3 h).

the rationalisation based upon the ratioc of absolute testing temperature

Tt 48 now apparent that too many exceptions to

to absolute melting point temporeture by lm.irade(S) axist to parmit more
sericus discussion of this type of analysis. Tiw considerations of re-
solved shear stress utilising only plans= nf a type (110} ’ {).123 and

{123‘ (6, 3) porit analysis of the doformation only on the basis of
theae tim:o typs planes,

The suggestions made by Chen and Maddin( in which the alip pro-
cess is envisionad a3 a composite slip on two non-parallel {110} planes
(Whds sugpestion e snde sarlier by O, 7, Kaa''? wt o 4 B Orene
ningur(e)) can bo 11lustrated schematiscolly in Fig. 1. It mey be seen
that an urosolved trace on any plane oontaining a <111> direction may be
sosomplished by varying the numbar of atoms participatiing in the com=
posite process, By further varying the number of atome in each plane but
keaping the ratio of the participating atoms oconstant, one could then ob-
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tain jJogs in the traces and hence produce wavy slip linss, Evidense for
the composite natwe of ths prooess has besn presented for the case of
miybdemm in the form of anzlysis of asterism and longitudinal axis =i~
grations Furthar evidence on molybdenmm in the case of bending and by
wse of x~ray microsoopy will be forthooming shortly in other publications.

Yogel md Brick(2) have studied the Behaviar of alphs tron crystals
in which they svggest that the plane of glide is non-orystallographio and
may be predicted from the interssotion between the great circle joining the
8lip direction and spsoimen &xis with the great ecircle whoee sone axis s
the slip direotion. However, the asterism developed in their investiga-
tion was not sufficient to permit analysis in the sams mamer &3 uwsed by
Chan ard o Oonsequently, only the umesolved traces were uvonsidered
in their analysis,

The present investigation was attempted in order to study ihe ba-
havior of dobiwmm single orystals, not only in tension but alse in com
pr.ouion-nmunspeomnw pigration should indicate the plano or
planes of glide in ths sams mannsr that the specimen axis migratiou in
tension indicates the direstion of glide,

Experinental Procedure

Single arystals of njobium aproximately 3 mm, in dianster vary-
ing in length were grown by the method previously desaribed for mclytde-
:nn(”. It was not alweys possible to obtain very long single orystals
and quite often more than ons large grain oooupying the total arodseseo-
tion was present in the axtension spacimens. For the commxession speci-
mnens, it was a simple matier to cut corystals of proper length to permit
ascurate studies of the dsformation proocess.
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Surface preparaticns were very diffioult sinos a good slsotroly-
t40 polishing solution was not evailabls to insure propsr swfase condie
tions for mlorographic work, A solution suggested by . W, Wenrch(30?
consisting of 85% concentrated sulpinmis acid, 15 conocsntrated hydro-
fluworis aoid, was wed with a platinmum cathode, a curent density ef 0,04
sTperos par yquare centimeter, sand a temperature between 25 snd 60°0 with
@ lixmited amownt of swooess, Conssgaently, the micruegraphs reprodusced
hero leave somsthing to Le desired.

™he initinl orisntations of all arystals investigated are shown
in Fig. 2, Althoozh nine arystils were deformed, orientations 4in the
vioinity of the (O01) were not available in order to oonsider the effect
of ordentation on the orystallography of defarmation, In torms of the
Opinsky and Swolushowski plot of planss of maximum resolved shear streas,
however, therv are orystals whose arientations fall within the area where
one of each type of plane, i.es, {110}, 13, wa {123] would tave the
highest reaclved shear stress.

Crystal lNo, 2 was approximately two contimeters long and ogeupied
thoonﬁrommcﬁonof\h.S-.md. The rod was pulled in a
hydrailic tensile machins t0 the first appsurange of &lip linss. Lawe
back refleotion photograme showed a lopgitudinal sxis shifi towards the
{ 112] (dtreotion C). Stereographic analysis of the 24p traces at svery
10 degrees in asimuth around ths specimen guve a non=orystallographisc
plane as the plane of glide, lLongitudinal axis shift and the pole of the
plane determined from ¢lip plane traces are shown in Pig. 3. Unfortun~
ately, the surfuoo of the orystal was quite szndged and obeervatioms of
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Pig. 2 = Initial Oricatalicns of All Cryestals Investigated.
Triangle Is Divided into Areas Indicating the Slip

Systems of Highest Rssolved Shear Stres (with
Reference Only to {nn’g. » and Elzi Flanes).



Fig. 5 = Initial and Final Orientation of Crystal Nb=2.
Stereographic Detsrmination of Traces Shown as
Solid Area, Q(lide Plane Pole Predisted by (2)
Intersesticn Method Shown as Unmarked Cirele'“’,
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the traces were difficult. Little asterism was present after this small

‘deformation ard analysis of the planes of glide based upon asterism oould

not be mads,

Crystal Nb-lj, approximately ths sams lergth as Nb=2, was axtended
thres per cent in the first elongation, Although stereographic analysis
of the traces obeearved indicated & non-arystallographic plane of slip,
anglysis of ths asterism indicated the (0I1) and ths (I01) as ths planes
of glide (planes IT and IV 4in Fig, L4). This may be seen in Fig. ii where
the longitudinal axis shift is plotted together with the asterism showmn
in Pig, 5{=) a3 Py and P;. From the longitudinal axis shift plotted
uwsing the tails of the asterism, it may be seen that ths activity of two
planes has coccwrred. In an effart to detarmine more acourately the axis
about which asterism oocurrod, Laus back reflection photograns wore made
every two degrees about the specimen axis in the vicinity of the oritical
position. The photogram shown in Fig. 5(b) clearly demonstrates a [1:2]
axis as that about which asterism ococwrred. The photogram wes plotted
stareographiocalis in order to indicate the plane amd direction of glide,
Thie plot again showed the (0IY) [ﬂl] (IIA) to be one of the slip sys-
toms acting.

This orystal was extended again until necking ocowrred. Laue
photograms were made in the eection adjacent to the necked region. The
final position of the longitudinal axis is shown labeled s P, in Fig. b.
It is olesrly demonstrated that the predominant system 1s (Tor) [al1] .
(IV0) accounting for the axis shift from Py to P;. Collateral gliding on
the other system (01I) [T11] (I1A) was suspected from the photograms but
asterism was too great to permit a careful analysis,
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Fig. L - Initial and Final Orientation.of Crystal Nb-l.
Po-Py Indicate Positions of Asterism End Points.
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Crystal b7 was pulled until necking ocowred in the grain., Lawe
photograms did not psrmit analysis of the extrems asterism but did permit
& plot of the axis shift. I% should be pointed .ont that the final longi-
tudinal axis position, By, was determined by noting only one point (that
of uﬂ.mm density) on extensive sireaks, This i3 showa in Pig, 6, Al-
though a rotation towards the [m](n) can be noted, 14%tle oan be said
regarding ths plane of glide exoept that were the system of maximmm shear

stress to have operated, ths axis shift would have been towards the Bﬁ]ic).

This astivity in b7 points to the complexity of the deformation in the
body=centered cubic orystals,

Crystal Nb-6 was axtsndsd approximately five per cent, Surface
oconditions were bettor here amnd stereographic analysis of these hfaml.
shomn in Fig. 7, gave the (Y01) as the plane of glide. In this case, ths
axis shift, shown in Fig, 8, indicated the slip system to be (I02) [1Ta]
(IV~C). The method of analysis for ferrite single crystals used by Vogel
and Brick(e'). vhers a great circls drawn through the axis of the specimen
end the slip direction intersects the great circls whoss pole is [1T1],
designates the plans of glide to be very close to (I01). The asteriem in
the Laue photograms was ocomplex but not enough developed to parmit agcwur-
ate plotting. There was present in the complex ty, howeover, the indice~
tion that (101) [Iﬁ] (IV-C) was not the only slip syssem.

The bshavicr of orystal Nb-9 was quite ocmplex. The initial
orientation, Fige 9, was very clcse to the (0II) and very close to the
(0II)~(001) boundary. Two flat surfacss at 90° angles were polished on
the speoimen held in sealing wax. After etohing in conoentvated HF, the
spedimen was eleotropolished, Lezue back reflection photogrems wers made




Pige 6 = Initial ard Final Orientation of Crystal Nb-6,
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Flg. 7 = Stereographic Plot of Slip Traces at Every 10 Degrees in
Agimith. Area Enclosed (IOl) Pole. Crystal Nbe7.
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Fig. 8 -« Initial and Final Orientation of Crystal Nb=7,
Predicted Pole Sho'm as Unmarked Cirele.
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Pige 9 - Ind » Intermediate and Final Orientation of Crystal Nb=9.
P2-92 Designate End Points of Asterien.
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of each surface tc indicate the removal of material affected by the
polishing,

Ths epecimen was extendsd about two per cent and exmmined with
xloroscope and x-rays. No slip lines could be observed apd 1ittle or no
axis shift could be obeserved. Ths specimen was axtended again to a total
slongation of about six per oent. Although elip lines were visille,
great difficulty was enoountered in attempting analysis from the trasces.
Xeray photograns made at different positions around the specimen axis
teatifisd to the complax behavior of this arystal. Referring to Fig. 9,
the iritial oriertation of the orystal is plotted as Pp and the position
of the axis after six psr oent elongation by Ppe The axis shift indicates
a rotation towards {111] (B), the possitle slip direstion. The systea
II=B, however, is cne of very low shear stress, Conssquently, the astion
may be of a compesite nature involving the planes IV and V (not shown
here), both contalning the diresticn B. In view of the faoct that & plot
of the extant of asterism shows the participation of system IV-C, it
might be suggested that in addition to the sotivity of planse IV and V in
direction B, there is the partiocipation of IV in direction C. After exten-
sicnugdntoaboutléporomt', the position of the axis was &t Py, Fig. 9.
The behavior of Nb=9 after 16 per cent elongation might now be explainsd by
the participation of slip systems ILI-D and IV-C, Again, the slip lines
were extremsly complex showing not only very wavy nature but also the pro-
hounsed development of deformation bands. )

The behavior of Nb=10 w th an initdal orientation almost the same
as Nh.9 but farther along the aymmetry ourve (011)=(001) was not quite so
complex., After about six per cent elongation, the axis shift, Py to Py in
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in Fig. 10, might likewise be explained on tha participation of asystems

IV and V in direction B. However, after 16 per ceat elongation the axis
shift indicated a participstion of (0TI) [T11] (II-A). The small devia-
tion along the great circle to 111] (B) may perhaps be attributed to
the continual participation of IV and V in Direction B, but on a small
scale. However, the pisition of P,, being at the outer limit of the ao-
curacy of orientation determination,cannot be classed as rigorously in-
dicating the later acttvity of (o1) [T11] (11-B).

The behavior of Nb-l, axtended about five per cent, could te
called classical. The analysis of the slip traces showed (I01)(IV) to be
the plane of glide and the axis shift is primarily towards the proper
{]I]J (C) (Fig. 11). Little can be said here about the ccllateral parti-
cipation of other {1101 planes aince little asterism was present after
this extension.

Nb-O was approximately 10 mm. long by 3 mm. in diameter. Its ends
wers milled and ground parallel. Following this operation, the specimen
was polished electrolytically and compressed with a special jig in a
hydraulic compression machinejths bearing compression plates were greased
and the load was applied carefully. Ths first commression amounted to
5.97 per cent. Confirmation of (101) as the plane of glide was cbtained
from analysis of the traces stereographically.

The appearance of slip traces on Nb-0 after ths first compression
ia shom in Fig. 12 (a~d). The traces are, for the most part, straight
ani prove to be caused by the (I01) plane. The forked bands are presum-
ably daforation bands whose boundaries agree with no low indeces, high
atomic density plans. In certain cases, the bands are sean to oonsist of
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Fig, 10 = Initial, Intermediate and Final Orientation
of Crystal M»-190.
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Pig. 11 < Initial and Final Orientation of Crystal Nb-ll.
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small but straight lines reminiscent of bands of secordary slip in alumin-
um,

Ths behavicr of metal single crystals in compression has been in-
vastigatad frequently in ordsr to determine the plane of glide, Just as
the ohangs in position of the longitudinal axls after extension indicates
the glide direction, the same change in axes after compression indicates
the polaof the plane of glide vhen glide occwrs completely or nredominantly
on a series of parallel planss,

Raference to Fig. 13 in which P, migrates to P; can be explained
from the activity of siip systems (T01) [1Ta] (1v-C) and (101) {IT} (111-D).
Further evidence can be cited from the Hehavior of this specimen after com~
pression to 11 per cent. The x-ray photogram shown in Fig, 1 is seen to
vonsist of two distinguishable asterisms. If the tails of these are plotted
separately, indicated as Pj-P, and P;-P, , & clear participation of the slip
system IV-C and III-D may be notad.

In an attempt to oonsider more carefully the extent of disorienta~
tion existing in the surfrre layers of the specimen after deformation,
X~ray microsccpy (10, 11) 1y ysed, Cu4 Ky radiation, 30KV, wes reflected
from a bent quariz crystal monoghromator amd focused on the specimen sup-
ported on a two circle goniomater, Reflections were obtained for certaln
specimen positions and recorded on spectroscopic VO plate held parallel to
the fooused beam almost tangent to the spsecimen surface ylelding the re-
flesotion. Exposures of from one-half to four hours were necessary to ob=
tain suitable records. In Fig. 15 (a, b, o) there is shown the striated
and banded structure observed by this techniqus. The amount of disorienta-
tion as a result of 5.47 and 11 per osnt compression can be seen, at lsast
qualitatively in these x-ray miorograms.
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Fige 13 = Initial and Final Ori,

(Compression). P i X

Double Asterisms

gnutiom of Crystal Nb=o
Indioau End Points of
in F’.Kc .



X

19

Throughout these oompression atudies, it was apparent that the
anownt of distortion (asterism) produced per amount of deformation is
far grsater in the case of ocmpression than in tension., For example, af-
ter 16 par cent compression, ths asterism is so great as not to permit
orientation detarminations whereas the same amomt of extension produces
much less disorientation.

Specimen Nb=-2¢ was trsated in the same mammer as Nb-O, It was
compressed 2,91 par oent and observed by miorosoope, x-ray and x-ray
microscopy. Analysis of the traces indicated three glide planes to have
been operative; these were (I10) (vI), (oI1) (II), anmd (101) (IIT). A
miarograph of three sets of trases is shown in Pig. 16. It is possible
that the slip direction is the same for all three of these planes., If the
amount of Jlide on each of these plames in the same slip direction is the
sams, the movement of the axis along a great circle to (101) would be ex-
pected. However, as may be seen in Fig. 17, the pole movemsat P, to P, is
not exsotly along this great oircle indicating an unsven amowmt of glide
on the {1]01 planes conocernsd. After 1.5 per cent onmpression, however,
it is apparent that the glide on the plane (101) (III) predominates as
shown by the movement of P; to P,.

Disoussion of Results

Determination of glide planes from observation of the traces on
the surface might be questionable when these traces are wavy, branched and
fored. Such is normally the case with traces obeserved on plastically de-
formed body-centered oubio orystals. Nevertheless, a direction is gener-
ally asaigned to a wavy trace and with miny such ocbservations, a determina-
tion of the apparent glide plans may be made. Such an exampls is seen in



A
L3
(al

/

Pig. 17 - Initial, Intermediate, and Final Orientation
of Crystal Nb=2C (Compression).
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Fig. 7. Here, the amount of axtension was about 5 per cent and with this
small deformation, tha traces appeared somewhat straight.

With compression of niobium, however, the deformation markings
are of a different character. Two types can be noted, (o.f, Fig. 12, 16)
those linas which are straight and narrow whersver observed and those
bands of relatively large width which ara branched, forked and wavy.
Stereographic plots of the straight narrow lines show {110} to be the
glide plane whereaz similer plots of the bands yieid no confirmation. It
i1s also posgible to obsearve very small straight, narrow segments compos-
ing the bands; these, too, apparently prove to be caused by {110{ planes.

Perhaps a more sensitive indication of the glide plans would be
found in analysis cof the asterism resulting from deformation. As in the

(1), u(llf) axis i3 shown to be ths axis about whioch

ocase of molybdemm
asterism ccours. In the case here reported (Fig. Lb), it is readily
seen that this axis is [121] in which oase the plane of glide ia (I01)
and the direstion [111] if it can be assumsd that plastic deformation in
the body-centered cubic crystals, i.e, rotation of the plane of glide is
about an axis in the plane and normal to the direction of glide. There
appears to be sufficient observations to support this asswmption in the
body-centered cubic a'y:!td.a(n ; 11‘). Had other type planes acted as
glide planes, otbér axos should be observed as the axes about whi.h rota-
tion occurs, e.g. for a 2112'} a (110} would operate., However, these
have not been observed to date.

The optical analogy between diffraction of x~-rays by bent atomic
planes and the reflection of light by curved mirrors provides the basis

for a method for interpreting asterism from deformsd single crystals at
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least qualitatively in terms of the direction of rotation of the atomio
plmu(]'s). Thus, if the ends of the asterism are plotted stersographic-
ally, the direction of displacement of these asterisms interpreted as
positions of the longitudinal axis of the spesimen indicates the direction
of ¢lide in tension and the plane of glide in ocompression. For example,
the extent of asteriem in Fig. L indicates the participation of slip system
II-A in the first extension. Later rotation, however, shows the operation
of system IV-C. It would appear that the correct intesrpretation is that
where both systems operate. A similar example may be seen in Fig. 9. In
the compression case, Fig. 13, a more apparent activity presents itself.
Here, the rotation indespendent of asterism is not direstly oonclusive of
any particular plane of glide, whereas the extent of asterism clearly
demonstrates the collateral opsration of IV-C and its conjugate II-A. A
gomewhat similar example is seen in Fig. 17 where one {11.0} plane has
asted predominantly in the later stages of deformation as indicated by the
large rotation towards this pols,

The wse of x-ray microscopy lends furthsr support to the idea that
slip in the body-centared oubic arystals ocours in & composite fasmion.
Although the resolution derived by this method is not greatar than what is
gencrally attainable with light mdcroscopy, effacts of surface conditions
can be eliminated. Thus if there existed = sudden change in direction of
8lip traoces whish could not readily be observed because of surface condi-
tions, x-ray microscopy might be expooted to showthis, Examples of this

effect have been found in extended molybdemum single m'ysmn(m).

K=
amples in Fig. 15 show —elatively straight striae and bands where opticsl

mioroscopy reveals branched and wavy bands.
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The question may well be asked as to why planes of lower resolved
ehear atresas but of high atomio density would aot in oontrast to lower
atomio density planes with higher resolved shear stress, C, H, Mathew-
won 1) by veortod ¥ posELYG aneues to ABAR, Donalda® fbe Scbemile
drawing in Fib, 18(a) which shows the relation between a (112) plane of
high resolved shear stress, a composite (112) plane construsted of non-
parallel {110} planes for the orientation where the (112) planes would be
predicted on the basis of resolved shear strees (Nb-7 or Nb-9 in Fig. 1).

The area of the composite plane conmstructed from two non-parallel {110\
planes is

512 = 1.5 54,
cos 30°

Similarly, Fig. 18(b) shows ths same relation between a (123) plane and a
composite (123) plane constructed by using a ratio of thres atoms of one
{uo} to one of another non-parallel {110} + Here the area of the ocom-
posite is obtained from trigonomotiic relations to be

5123 * 5123 x 1,13
0,883

Sinoce the siny cos A fastor is the same in both cases if the assumption of
composite slip is madse, the resolved shear stress is only 15 psr cent
greater on the psendo (112) plans and only 13.3 per cert greater on the
pseudo (123) plane. It would appear that a mathematiocal basis for com-
posite 8slip might cxist.

The problem of resolving the traces into their ocomposite nature
would best be solved with aid of the electron mioroscope provided the &o-
tual number of atoms partisipating in the prooess is sufficiently large
(thie ratio remaining constant). Attempts are now being made uwsing extended
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molybdenum single orystaiz.

A second possibility of presenting good evidence in favor of com-
posite slip would be to develop a sensitive load messuring devioe in order
to distinguish the smali cdifferences in load resolved along actual and
psoudo” planss. Careful resolved shoar stress measurements would indicate
the plane or planes along which glide has ocowred. These experiments are
now being oontemplated using single orystals of various body-ocentered cubioc
motals,
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PLATE 1

Fig. 1. Illuvstration Showing the Integrated Trace Produced by
Using Different Numbers of Atoms in Non-parallel
{110 § Planes.

Fig. 5. X-ray Photograms of Crystal Nb-l.
(a) This Shows Two Distinct Asterisms, The Larger
of the Two Is Plotted Stereographically in
Figo zlo
(b) Protogram Used for Determining Axis of Asterism.
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FLATE II

$ Pig. 12, Slip Lines and Deformation Bands in Crystal N:-0
i (Compreasion)

(b) Rotated 58 Degrees from Position (a)
(c) Rotated 160 Degrees from Position (a)
(d) Rotated 20 Degrees from Position (a)

Fig. 1. X-ray Photogram Showing Two_Asterisms. These Are
Flotted in Fig. 13 as Pp=Ppl.
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PLATE III

X-ray Micrograms of Crystal Nb-o Made Using Bent

Quartz Monochromator; 30 Kv Cu K Radiation

V-0 Plate.

§a) Nb—o After First Compression. X70

b) Nb-o After First Compression from Another
Set of Pianes. XT70

(c) Nb-O After Second Compression. X110

Three Sets of Slip Lines in Compression Specimen

‘Nb-ZCQ

18 (a). (112) Plane as Gompared with "Pseudo" (112)

Plane Made by Using Eqral Numbers of Atons
in Two Non-parallel {110f Flanes.

18 (b). (123) Plane &s Compared with "Pseuwdo™ (123)

Plane Made by Using Three Atoms of Ons {110}
Flane and One Atom of a Non-parnlloll O&Phne.
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